Introduction
Diarrhetic shellfish poisoning (DSP) is a severe gastrointestinal illness caused by consumption of shellfish contaminated with DSP toxins. 1 Based on their structures, DSP toxins were initially classified into three groups, okadaic acid (OA)/dinophysistoxin (DTX) analogues, pectenotoxins (PTXs), and yessotoxins (YTXs). 2, 3 OA and its analogues, dinophysistoxin-1 and -2 (DTX1, DTX2), are the most important Reviews toxins due to their strong diarrhetic activity. These toxins have been shown to be potent phosphatase inhibitors, 4 a property that can cause inflammation of the intestinal tract and diarrhea. 5 OA analogues have also been shown to have tumour-promoting activity. 6 PTXs have been reported to be highly hepatotoxic in intraperitoneal (i.p.) injection to mice 7, 8 and have also attracted attention due to their potent cytotoxicity against several human cancer cell lines. 9, 10 It is reported that YTXs modulate the calcium homeostasis in human lymphocytes according to in vitro studies. 11 YTX also induces a selective disruption of the E-cadherin-catenin system in epithelial cells, such as MCF-7 breast cancer cells in in vitro studies. 12 Although several toxicological data of PTXs and YTXs have been reported, symptoms of intoxication produced by PTXs and YTXs in humans are relatively unknown due to the fact that no human intoxication has been reported to date. Animal studies indicate that PTXs and YTXs are much less toxic via the oral route and that they do not induce diarrhea. [13] [14] [15] [16] PTXs and YTXs have recently been eliminated from the definition of DSP toxins. The mouse bioassay (MBA), which is the official testing method of DSP in Japan and many countries, also detects PTXs and YTXs, resulting in false positives for OA/DTX analogues. Thus, alternative testing methods are required for selective detection of only OA/DTX analogues. The different functional toxicities for the three toxin groups require methods for shellfish testing that can quantify each toxin group separately.
LC-MS/MS Analysis of Diarrhetic Shellfish Poisoning (DSP)
The technique of electrospray ionization (ESI) liquid chromatography-mass spectrometry (LC-MS) has proven to be one of the most powerful tools for the detection, identification and quantification of marine toxins. 17 Determination of OA/DTX analogues and other lipophilic toxins, PTXs, and YTXs, by LC-MS is usually carried out using a reversed phase chromatography on a C8-or C18-silica column and isocratic or gradient elution with acetonitrile/water mobile phases containing volatile modifiers such as acetic acid, formic acid, ammonium formate or ammonium acetate. A short narrow bore column packed with 3 μm Hypersil-BDS-C8 phase is one of the most widely used columns, which is capable of separating a wide range of toxins using rapid gradients. 17, 18 In the present review, an application of the ESI LC-MS techniques reported by our previous study to identify or quantify DSP toxins, OA/DTX analogues, and other lipophilic toxins is described.
LC-MS/MS of Okadaic Acid (OA) and Dinophysistoxin (DTX) Analogues
OA and its analogues DTX1 and DTX2 are thought to be the most important toxins of the three groups due to their strong diarrhetic activity. Besides these dominant toxins, a number of naturally occurring derivatives of OA and DTX toxins have also been observed in dinoflagellates and bivalves. Figure 1 shows the chemical structure of OA/DTX analogues. One group of OA derivatives is the so-called "OA diol-esters" in which the carboxyl group of OA is conjugated to several different unsaturated C7 to C9 diols to form allylic diol-esters. Several of these OA diol-esters have been found in Prorocentrum lima, P. concavum and Dinophysis acuta. [19] [20] [21] [22] [23] [24] The other group is a complex mixture of 7-O-acyl ester derivatives of OA, DTX1 and DTX2 (also known as the "DTX3" complex). They can be formed as metabolites of free OA, DTX1 and DTX2 in bivalves that have consumed toxic dinoflagellates. 2, [25] [26] [27] Detailed profiles of OA diol esters and 7-O-acyl ester derivatives (DTX3) in toxic dinoflagellates and bivalves have recently been clarified by LC-MS/MS techniques. 23, 24, [28] [29] [30] [31] The mobile phase that is most useful for LC-MS of the OA analogues is one composed of aqueous acetonitrile with 50 mM -, in the negative mode. Figure 2 shows the triple quadrupole LC-MS/MS product ion spectrum of the [M+NH4] + of OA-D8 found in Dinophysis acuta in New Zealand. 23 The spectrum showed a series of ions resulting from the loss of first ammonium and then water molecules from [M+NH4] + , as well as several characteristic fragment ions of OA, such as m/z 429, 305, 223 and 169. 32 A proposed MS/MS fragmentation diagram is shown in Fig. 3 . These assignments were supported by accurate mass measurements on the fragment ions using a quadrupoletime-of-flight MS. All fragment ions indicated in boxes in Fig. 3 were within 3 ppm of the masses expected for the assigned structures.
Precursor ion monitoring LC-MS/MS in the positive mode by selecting product ions at either m/z 751. 5 scanning Q1 from m/z 800 to 1500 is useful to survey OA diol-esters. 23 These product ions were selected because they were characteristic of the OA diol-esters (Figs. 2 and 3). Table 1 lists the precursor ions detected for both product ions. Nine components including OA-D8 were identified as OA-related compounds. Eight compounds were suggested to be novel OA diol-esters. An analysis by selected ion monitoring (SIM) for each [M+NH4] + ion is shown in Fig. 4 . The LC-MS chromatogram more clearly illustrates the complexity of the mixture. The peak intensity of OA-D8 (peak 1) was much higher than that of the other OA derivatives, indicating that OA-D8 is the most abundant OA derivative in the D. acuta. The MS/MS spectra obtained for the [M+NH4] + ions of the additional compounds show great similarity to those obtained for OA-D8 (Fig. 2) , 23 indicating that they are diol esters of OA. 31 The highest intensity of the fragment ion due to the fatty acid anion at m/z 255 was obtained with a collision energy (CE) at -90 eV. Interestingly, a key ion at m/z 493, which is a characteristic fragment ion of 7-O-acyl-derivatives, was only detected at lower CE. Figure Table 2 shows 7-O-acyl-DTX1 profiles of Japanese bivalves determined by the MRM LC-MS/MS. 31 The esters with 14:0, 16:0 and 16:1 were the most abundant toxins in both scallops and mussels. The abundant free fatty acids in the same bivalve samples as used for the acyl-DTX1 analyses were 16:0, 16:1, 20:5 and 22:6 in both scallops and mussels. 31 The relative percentages of polyunsaturated fatty acids (18:4, 20:4, 20:5, 22:6) in the 7-O-acyl-DTX1 esters were clearly lower than those obtained in the free fatty acid profiles. These results suggest that polyunsaturated fatty acids are selectively excluded in the enzymatic acylation of DTX1 in bivalves. OA, DTX1 and DTX2 analogues esterified with 16:0 have been reported as the most abundant ester in bivalves in several previous studies. 25, [28] [29] [30] 33 It is noteworthy that 7-O-16:1-DTX1 was the most abundant ester in mussels collected in Akita and Niigata in which 16:1 was more dominant than 16:0 in the free fatty acid profiles ( Table 2) . Comparison between total 7-O-acyl-DTX1 and free DTX1 contents in bivalves are also listed in Table 2 . The relative ratio of the total 7-O-acyl-DTX1 to the free DTX1 in scallops (9.3 -14.1) was significantly higher than that calculated in mussels (0.3 -0.5), re-confirming the previous finding obtained by comparison of free DTX1 between pre-and post-hydrolysis samples. 34, 35 These results indicate that the acylation kinetics from DTX1 to 7-O-acyl-DTX1 in the scallops is faster than in the mussels.
LC-MS/MS of Pectenotoxins (PTXs)
The presence of PTXs in bivalves was discovered due to their Fig . 10 The structures of pectenotoxins.
high acute toxicity in the traditional MBA after i.p. injection of lipophilic extracts.
2,3
The chemical structures of PTXs are shown in Fig. 10 . Among the natural toxins, PTXs had been grouped together with DSP toxins (i.e., OA and DTXs) because they resemble OA and DTXs in the chemical structures and often coexist in bivalves contaminated with DSP toxins. PTXs levels have been regulated in bivalves in many countries. Animal studies indicate that PTXs are much less toxic via the oral route and that they do not induce diarrhea. 13 Since PTXs do not fit the clinical case definition of DSP toxins, they are recently considered as separate group. PTX2 has been reported to be present in the toxic dinoflagellates Dinophysis spp., [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] which is also the causative species of OA and DTXs. Recently, several novel pectenotoxins, PTX11, 45, 52 PTX12, 46 PTX13, 53 and PTX14, 53 were found in Dinophysis spp. by using LC-MS. It has been shown that many of the other PTXs such as PTX6 and PTX2 seco acid (PTX2sa) 54 are formed by metabolism of PTX2 in shellfish tissues. 38, [55] [56] [57] Several analytical methods for the determination of PTXs by LC-MS or LC-MS/MS are reported. + are applicable to quantification of the PTXs. Treatment of 7R-pectenotoxins under acidic condition leads to an equilibrium mixture of spiroketal stereoisomers, 7R-, 7S-, and 6-membered-B-ring-isomers. 45, 66 Figure 11 shows the LC-MS chromatogram of spiroketal isomers of PTXs detected by SIM for [M+MH4]
+ ions. 45 Spiroketal isomers of PTXs were eluted in the order of 7R-, 7S-, and 6-membered-B-ring-isomers.
LC-MS/MS spectra for [M+NH4]
+ of PTXs are useful for confirmation of identity and structure elucidation. 52 Both compounds showed many common fragment ions, but a few of the ions were shifted up or down in mass by 16 amu. Figure 13 presents a proposed assignment of fragment ions deduced from examination of the structure and through comparison of the spectra of PTX1 and PTX11. The higher mass regions of both spectra show a very low abundance [M+H] + ion at m/z 875, due to an initial elimination of ammonia from [M+NH4] + , and a series of ions, [M+H-nH2O] + (n = 1 to 5), due to sequential water losses from [M+H] + . Fragment ions in the rest of the spectrum are most easily explained by an initial opening of the macrocyclic ring at the lactone site as shown in Fig. 13 . This was supported by the fact that the product ion spectrum of the [M+NH4] + ion of the PTX2sa was almost identical to that of PTX2, with only an additional loss of water fragment at high mass. The base peak in both spectra was m/z 213, a fragment ion observed in the spectra of all PTXs. This appears to be due to cleavage of the C10-C11 bond adjacent to ring B. Losses of 1 and 2 water molecules from m/z 213 produced ions at m/z 195 and 177. Another low mass ion (m/z 161), observed in both spectra, was explained by fragmentation 
LC-MS/MS of Yessotoxins (YTXs)
YTX was first isolated from Japanese scallops, Patinopecten yessoensis and its structure including the absolute configuration has been elucidated (Fig. 14) . 68, 69 YTXs are toxic by intraperitoneal injection to mice 68, [70] [71] [72] [73] [74] [75] and therefore give rise to positive results in the traditional MBA for DSP toxins. The quarantine level of YTX, 45-hydroxyYTX, 1-homoYTX, and 45-hydroxy-1-homoYTX (Fig. 14) in bivalves in the European Union (EU) is 1 mg/kg, which is much higher than 0.16 mg/kg of OA/DTX analogues and PTXs. 76 Despite recent evidence that YTXs may have no significant acute toxicity when administered orally to mice, [14] [15] [16] MBA positives due to low level contamination of bivalves by YTXs has been a worldwide problem causing serious economic hardship to bivalve industries. YTXs are produced by the dinoflagellates Protoceratium reticulatum, [77] [78] [79] [80] [81] [82] Lingulodinium polyedrum 83, 84 and possibly Gonyaulax spinifera, 85 and accumulate in filter-feeding bivalves feeding on the toxic dinoflagellates. Recently, several new YTX analogues have been identified in bivalves or dinoflagellate. [86] [87] [88] [89] [90] [91] [92] [93] [94] The validity of collision-induced dissociation (CID) by negative ion fast atom bombardment (FAB) MS/MS analysis for YTX was established in a previous structural study on YTX 95 and this technique was applied to structural elucidation of YTX analogue. 73 Recently, a number of liquid chromatography-mass spectrometry (LC-MS) methods have been demonstrated as powerful tools for quantification of YTX analogues and structure elucidation of novel toxins in plankton and shellfish. 72, 78, [80] [81] [82] [83] [84] [85] [86] [87] [88] [89] [90] [91] [96] [97] [98] [99] [100] [101] A hybrid triple-quadrupole/linear ion trap MS/MS technique was proven to be useful for characterization of YTX analogues by our previous study. Figure 17 shows linear ion trap LC-MS/MS spectra obtained for YTX (peak #4) and trinor-1-homoYTX (peak #3) detected in the P. reticulatum isolate extract. It is noteworthy that the LC-MS/MS spectrum obtained for YTX with a hybrid triple-quadrupole/linear ion trap mass spectrometer 101 was identical to that obtained by charge remote fragmentation FAB MS/MS analysis. 95 The MS/MS spectrum obtained for trinorYTX (peak #2) was identical to that obtained for YTX. The MS/MS spectra of trinor-1-homoYTX (peak #3) and 1-homo YTX (peak #5) were 14 mass units higher than those obtained for YTX and trinorYTX (peak #2). Due to the high sensitivity in full-scan mode in the linear ion trap system, and rich fragment ions corresponding to charge remote fragmentation, our results show that hybrid triple-quadrupole/ linear ion trap MS/MS is very useful for structure elucidation of YTX analogues. Table 3 shows toxin content in several P. reticulatum strains by MRM LC-MS/MS analysis. 101 The toxin content and profile differed even among the strains collected in the same locations. Among strains producing YTX analogues, except for the strain collected from Ohmura, the most dominant toxin was YTX. Total toxin content detected in the strains varied between ND and 72 pg/cell. It is interesting that the strain collected from Ohmura (OM6-NP31) produced only 1-homoYTX.
In HPLC-fluorescence detection (FLD) 102 for this strain, we initially identified characteristic fluorescence peaks as YTX due to difficulty in distinguishing between YTX and 1-homoYTX by their retention time (unpublished data). The results indicate that LC-MS/MS is probably the only method suitable for quantification of YTX and 1-homoYTX in samples in which both toxins are present.
Toxin Profile of Bivalves
DSP and other lipophilic toxin profiles in bivalves are essential background information to introduce chemical or biochemical analytical methods as alternatives to MBA in routine monitoring of toxins. The role of LC-MS has been indispensable for elucidation of complicated toxin profiles of bivalves because of the difficulty to analyze these toxins by HPLC with ultra violet (UV) or fluorometric detection (FLD). Simultaneous LC-MS analysis of OA/DTX analogues, PTXs and YTXs is possible by using C8 or C18 columns. [61] [62] [63] 65 The LC-MS chromatogram of the simultaneous analysis of DSP and lipophilic toxins is illustrated in Fig. 18 . Recoveries were greater than 90% for each toxin from bivalve extracts fortified at 0.05 μg/mL (0.5 μg/g hepatopancreas (HP)) even when methanol:water (9:1, v/v) extracts of bivalve were directly analyzed by the LC-MS with a column switching valve. 63 This LC-MS method enabled us to elucidate the toxin profile of bivalves in various production areas in Japan. Dominant toxins in bivalves and toxic dinoflagellates were detected using SIM for -of yessotoxin (m/z 1141.5). The positive mode is also applicable to detection of OA and PTX analogues. 18, 23, 38, 45 Sensitivity for OA and PTX analogues using SIM of [M+NH4] + ions in the positive mode is usually higher than those obtained in the negative mode. However sensitivity of the [M+H] + ion of YTX in the positive mode is too low for practical use. Serious matrix effects on the quantification of the toxins were observed in the positive mode in some samples and therefore the negative mode was used for simultaneous quantification of OA/DTX analogues, PTXs and YTXs. Table 4 lists the toxin profiles obtained from scallops and mussels collected from various production areas in Japan. 63 PTX2sa was excluded from the toxin profiles because it does not respond in the mouse bioassay, 13 even though it was the dominant PTX analogue reported in Mytilus galloprovincialis contaminated by Dinophysis spp. 56 The standard deviation (SD) in each toxin profile was high because samples in each monitoring site were collected in different seasons through a year. There were no remarkable differences in the toxin profiles arising from Dinophysis (DTXs and PTXs) in the same shellfish species collected from different areas. However toxin profiles were quite different between scallops and mussels. PTX6 and DTX1 were the dominant toxins in the scallops and the mussels, respectively.
Yessotoxins (both YTX and 45-OHYTX) originating from Protoceratium reticulatum, were detected in scallops and mussels. The proportion of YTXs to the Dinophysis producing toxins (DTXs and PTXs) differed substantially among samples even within the same shellfish species collected in the same production area. This could be explained by differences in the relative proportions of Dinophysis spp. and P. reticulatum cell densities between the sampling areas or periods. It is interesting that the percentages of YTXs in the mussels collected in the West coast of Japan (Akita, Yamagata, Niigata) seems to be lower than those obtained in bivalves collected in the other coastal areas. Table 4 Lipophilic toxin profiles (relative abundance %) in HP of scallops and mussels collected in various production areas in Japan in 2003 (from Ref. Figure 19 shows comparison of the mouse toxicities quantified by MBA and LC-MS for the 196 scallop and mussel samples in DSP testing. 63 Toxin profiles of these bivalves are listed in Table 4 Ninety-six samples were quantified by both LC-MS and MBA as being below the quarantine level. Thirty-three samples were above the quarantine level by both LC-MS and MBA. Six samples tested as exceeding the quarantine level by MBA were quantified by LC-MS as being below the quarantine level. As the toxicities of these six samples were between 0.05 and 0.1 MU/g by MBA, which is the lowest level measurable by the MBA, false positives due to free fatty acids in the samples are suspected. [104] [105] [106] Sixty-one samples as exceeding the quarantine level by LC-MS were quantified by MBA as being below the quarantine level. The MBA protocol in many countries includes a partition of bivalve extracts between water and diethyl ether to remove water soluble saxitoxin analogues. It is reported that a major portion of the YTXs are partitioned into the aqueous fraction 107 and are therefore not measured by MBA. Table 5 shows the average toxin profiles obtained from the 61 samples that gave the discrepancies between the toxicities quantified by MBA (<0.05 MU/g) and LC-MS (>0.05 MU/g). 63 The percentage of YTXs was more than 30%. The discrepancies are probably caused by the YTXs that are poorly detected by MBA. These results indicate that LC-MS is definitely a better method than MBA in terms of the sensitivity and the accuracy to quantify known lipophilic toxins including YTX.
Conclusions
The ESI triple quadrupole LC-MS/MS techniques have proven to be a powerful tool for identification and structure elucidation of OA/DTX analogues, PTXs and YTXs. LC-MS/MS is also very useful to survey unknown toxin analogues in bivalves and dinoflagellate samples. The safety of bivalves as food is managed by monitoring programs depending on MBA as the official testing method in many countries. Comparison between LC-MS and MBA results for about 200 bivalve samples demonstrates that the LC-MS method is applicable to routine monitoring of DSP and other lipophilic toxins in bivalves. When the different control limit for each toxin group is required as proposed by EU, 76 the LC-MS method would be the most promising alternative to MBA. (24) 27 (24) 6(7) 100 a. Standard deviation. The toxin abbreviations are the same as in Table 4 . 
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